Background {#Sec1}
==========

The quest for useful biomarkers in bipolar disorder (BD) is gaining momentum. One of the most extensively investigated proteins in BD is brain-derived neurotrophic factor (BDNF). It was first isolated \[[@CR1]\] after the serendipitous discovery of the nerve growth factor in 1952 \[[@CR2]\]. The neurotrophic hypothesis was originally formulated in 1997 by Duman, Heninger, and Nestler \[[@CR3]\], and characterizes major depressive disorder as being secondary to aberrant neurogenesis in brain regions that regulate emotion and memory, with aberrant neurogenesis associated with lower expression of BDNF. BDNF rapidly became a popular research topic, with the first study of BDNF levels in peripheral blood conducted in 2002 by Karege et al*.* \[[@CR4]\].

Science historians have often noticed that, at any given time, scholars in a particular field tend to share basic assumptions about their subject \[[@CR5]\]; this quickly turned out to be the case for the neurotrophic hypothesis, which, since its original formulation, was first expanded to include schizophrenia by Toyooka in 2002 \[[@CR6]\]. BD followed, with Laske et al. \[[@CR7]\], in 2005, first showing decreased serum BDNF levels in mania, and Palomino et al*.* \[[@CR8]\], in 2006, showing that peripheral BDNF increased after treatment of acute mania.

Research on peripheral BDNF was originally driven by the aim of better understanding the pathophysiology of mood disorders; however, in the last few years, BDNF has been attracting attention as a potential biomarker capable of advancing the elusive field of personalised medicine in psychiatry \[[@CR9]--[@CR11]\]. BDNF was an obvious choice, since its levels in peripheral blood can be assessed easily and relatively non-invasively through venepuncture, and BDNF levels in serum and plasma are highly correlated with BDNF levels in the central nervous system, as BDNF freely crosses the blood--brain barrier \[[@CR4], [@CR12], [@CR13]\]. In BD, several studies have been conducted with discrepant results. Most of these studies have suggested peripheral BDNF as a state-marker in BD, with decreased levels in mania and depression returning to normal in euthymia, and also being correlated with severity of mania and depression \[[@CR14], [@CR15]\]. Based on that, we earlier proposed peripheral BDNF as a potential biomarker of disease activity in BD \[[@CR14], [@CR16], [@CR17]\], and presented preliminary data suggesting that BDNF could play a role as a biomarker capable of supporting the clinical diagnosis of BD. Bipolar disorder has been conceptualized as a neuroprogressive illness, in which recurring affective episodes may lead to cognitive deterioration and/or refractoriness, although it is acknowledged that some cognitive and functional problems are present to a lesser extent since the first bipolar episode \[[@CR18], [@CR19]\]. It has been suggested that BDNF levels may reflect neuroprogressive changes in BD, and thus may hold promise as a stage biomarker \[[@CR11], [@CR14], [@CR20]\].

The inconsistent findings regarding peripheral BDNF levels in BD might be caused by heterogeneous patient populations or by small sample sizes lacking statistical power. Meta-analysis is a recognized technique used to resolve discrepancies between studies. It is a quantitative method that combines results from independent studies to increase statistical power in order to derive more solid conclusions \[[@CR21], [@CR22]\]. In addition, meta-regression may be used to evaluate confounders and discrepancies among different studies \[[@CR23], [@CR24]\]. At the moment, five meta-analyses have been conducted on the topic of peripheral BDNF levels in BD with conflicting results. The first three \[[@CR14]--[@CR16]\] showed decreased BDNF during acute mood states, and the last two showed BDNF levels decreased during depression but not in mania \[[@CR25], [@CR26]\]. The largest one to date included 35 studies; however, this is a rapidly evolving field, and now 52 studies are available. Thus, there is a sounder basis to definitively analyse the relationship between BDNF levels, mood states, severity of manic and depressive symptoms, and treatment response, including the pivotal role of peripheral BDNF levels as a biomarker in BD. Particularly, from a biomarker development perspective, it is important to analyse which compartment would be more adequate for BDNF measurement, plasma or serum, and if use of psychiatric drugs might influence BDNF as a biomarker.

Therefore, the aims of this large, collaborative meta-analysis were to verify the properties of peripheral BDNF levels as a biomarker of disease activity and of stage in BD. For this, we ascertained if peripheral BDNF levels are indeed decreased in BD across the different mood states and whether its levels are associated with severity of manic and depressive symptoms, thus being a state-marker and, as a result, behaving as a biomarker of disease activity. To determine if peripheral BDNF levels could be a stage biomarker in BD, we examined if its levels are associated with duration of illness. In addition, we aimed to assess whether BDNF levels change following pharmacological treatment of an acute mood episode. With this in mind, we performed a series of meta-analysis of all cross-sectional studies of peripheral BDNF levels in BD compared to healthy subjects, and also evaluated longitudinal studies on BDNF levels before and after prescription of psychiatric medication, exploring its relations to manic and depressive symptoms and response to treatment. Based on results from the previous meta-analyses, we expected high levels of between-study heterogeneity. Thus, we aimed to explore potential moderators of the differences in BDNF levels among individuals with BD compared to healthy controls, as well as longitudinally after pharmacological treatment. We also aimed to group results according to sample source (plasma, serum, or whole blood) to determine which one would be more appropriate for assessment of BDNF levels, and also to search for differences of efficiency in effect sizes and heterogeneity. All these aspirations are now possible due to the large amount of data currently available and will help to clarify the role of peripheral BDNF as a biomarker in BD.

Methods {#Sec2}
=======

We performed four between-group meta-analyses of peripheral levels of BDNF in subjects with BD according to mood state: (1) in subjects with BD in mania compared to healthy controls; (2) in subjects with BD in depression compared to healthy controls; (3) in subjects with BD in a mixed episode compared to healthy controls; and (4) in subjects with BD in euthymia compared to healthy controls. We also conducted the following two within-group meta-analyses: (1) a meta-analysis of peripheral BDNF levels changes in participants with BD in a manic episode at baseline and after pharmacological treatment, and (2) a meta-analysis of peripheral BDNF levels in participants with BD in a depressive episode at baseline and after pharmacological treatment. The protocol developed for this meta-analytic review adhered to the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement \[[@CR27]\]. Each element of the literature search, selection of eligible studies and data extraction were performed by at least two authors (CMGSL, TLR, JCS, BSF, and MLM). Disagreements were resolved through consensus. Following harmonization of the data extraction process, three authors (AFC, BSF, and PMGS) checked the extracted data and corrected eventual inconsistencies.

Search strategy {#Sec3}
---------------

We conducted a systematic search of all potentially eligible references (including meeting abstracts) without language restrictions to avoid language publication bias, using PubMed/MEDLINE, EMBASE, and PsycINFO computerized databases. One article was published in mandarin and was translated by a native mandarin speaker. The search string used for the electronic database search was (Bipolar disorder OR mania OR bipolar depression) AND (BDNF OR brain-derived neurotrophic factor). The last search was performed in May 31st, 2015. This search strategy was augmented by tracking the citations of eligible articles in Google Scholar database to identify additional eligible references.

Study selection {#Sec4}
---------------

The inclusion criteria were (1) adult individuals with BD regardless of mood state meeting either International Classifications of Disease or Diagnostic and Statistical Manual for Mental Disorders diagnostic criteria; (2) pairwise comparison with a control group of healthy volunteers for the between-group meta-analyses, or longitudinal studies before and after drug treatment for an acute mood episode for the within-group meta-analyses; and (3) studies that measured peripheral BDNF levels in vivo. Exclusion criteria were (1) post mortem brain studies without information on BDNF levels in the periphery; (2) case reports; (3) genetic studies without information on BDNF levels in the periphery; (4) studies that included samples with mixed psychiatric diagnoses unless data for BD were reported separately or were obtained after contacting the authors; and (5) preclinical data. The authors consensually agreed on the final inclusion of references for this meta-analytic review.

Data extraction {#Sec5}
---------------

Two reviewers independently extracted data (sample size, mean and standard deviation) to prevent potential errors. All variables were extracted by diagnostic status (euthymic, manic, depressed, or mixed episode). We recorded age, sex (% female), and length of illness in years. We computed scores for manic as well as depressive symptoms as assessed through standard rating instruments, such as the Young Mania Rating Scale (YMRS) and the Hamilton Depression Rating Scale (HDRS) \[[@CR28]\], respectively. We also extracted information regarding sampling (plasma, serum or whole blood), type of assay (radioimmunoassay or enzyme-linked immunosorbent assay), and manufacturer of the assay kit. Finally, information on age- and sex-matching of BD and control samples as well as the type of diagnostic interview was obtained. Subjects with BD were considered drug-free when they were off psychiatric medication for at least 2 weeks prior to venepuncture. Treatment response for the within-group meta-analyses was defined as an at least 50 % reduction in baseline HDRS or YMRS scores for a depressive or manic episode, respectively.

Discrepancies in data entry were double-checked by the reviewers with the original published data and a consensus was reached. Authors of meeting abstracts were contacted by e-mail on at least two different occasions requesting the provision of data. Furthermore, corresponding authors of included articles were contacted whenever necessary data were unavailable, and the required information was then requested. Whenever multiple reports pertained to the same participants, we included only the largest data set. In the within-group meta-analysis, we considered only the last post-intervention BDNF measurement. When data were available only in graphs, we extracted the data according to the procedure explained by Sistrom et al. \[[@CR29]\].

Publication bias {#Sec6}
----------------

Studies reporting negative results (i.e. statistically non-significant results) are less likely to be published than studies with positive results \[[@CR30], [@CR31]\]. We estimated the likelihood of publication bias based on the following assumptions for the existence of small-study effects: (1) the effect size of the largest study is more conservative than the pooled effect size of the respective meta-analysis and (2) a *P* value of less than 0.1 in the Egger's asymmetry test \[[@CR32]\] as suggested by Belbasis et al. \[[@CR33]\]. The trim-and-fill procedure, which is a validated model to estimate an effect size (ES) after bias has been taken into account, was employed when publication bias in the funnel plots was demonstrated. Finally, the file drawer statistic (i.e. the Fail-safe N test) was used to quantify the number of possible negative omitted studies necessary to turn the ES estimate non-significant.

Statistical analysis {#Sec7}
--------------------

Eligible studies included different assay methods; thus, standardized mean difference estimates, using Hedges' adjusted *g*, which provides a relatively unbiased ES adjusted for sample size, were used to estimate differences in peripheral BDNF levels of individuals with BD compared to healthy controls (in the between-group meta-analyses) and between baseline and post-treatment peripheral levels of BDNF (in the within-group meta-analyses). The 95 % confidence interval (95 % CI) of the ES was also computed. An ES of 0.2 was regarded as small, while an ES of 0.5 was considered moderate and an ES ≥0.8 was considered large.

Heterogeneity across studies was evaluated using the Cochran Q test, a weighed sum of the squares of the deviations in individual study ES estimates from the summary ES estimate, and a *P* value of \<0.10 was considered significant (i.e. indicative of heterogeneity). We also calculated the *I*^*2*^ metric \[[@CR24], [@CR34], [@CR35]\] as a measure of inconsistency across studies; *I*^2^ values \>50 % were regarded as indicative of large heterogeneity, while *I*^2^ values \>75 % were deemed as an evidence of very large heterogeneity. The *I*^2^ statistic should be interpreted as the proportion of total variance in study estimates that is due to heterogeneity. We also estimated the 95 % CI, which further accounts for between-study heterogeneity and evaluates the uncertainty of the effect that would be expected in new studies investigating the same association \[[@CR36], [@CR37]\]. Both measures of heterogeneity (i.e. the Cochran Q test and the *I*^2^ metric) have a limited power to detect heterogeneity unless very large data sets are available. Thus, we pooled ES estimates of individual studies using random effects, which allows population-level inferences and is more stringent than fixed-effects models. Random-effects models have the assumption that a genuine diversity across study results is present and incorporates a between-study variance into the calculations \[[@CR38]\]. The level of significance for the effect estimates was set at α = 0.05.

Unrestricted maximum likelihood random-effects meta-regressions were performed with mean age of participants with BD, mean age of controls, sex (% female) of controls and patients, sample size (N), mean baseline YMRS or HDRS scores, follow-up duration (for within-group meta-analyses), and differences in baseline and post-treatment YMRS or HDRS scores (for within-group meta-analyses). We also performed the following subgroup analyses to search for potential sources of heterogeneity across studies: BDNF sampling (plasma versus serum versus whole blood), medication status (on and off psychiatric medication), and responders versus non-responders (for within-group meta-analyses). We also conducted sensitivity analyses to ascertain whether the summary ES estimates of our meta-analyses were strongly influenced by any single study.

Based on the summary ES estimates of each meta-analysis, we estimated the sample size that would be required for an individual study to detect this effect considering a power of 0.8 and an alpha level of 0.05. These analyses were performed using G\*Power 3.1 software \[[@CR39]\].

Thereafter, we performed a cumulative meta-analysis, which addresses the impact of new studies in prior pooled results. For this analysis, individual data sets were sorted in chronological order. The earliest available study was included in the analysis first. At each subsequent step of the cumulative meta-analysis, one more study was included in the analysis, and the summary ES and 95 % CI were recalculated. The 'Proteus phenomenon' refers to the situation in which the first published studies are often the most biased toward inflated effect sizes (i.e. the winner's curse); subsequent replication studies tend to be less biased toward the extreme, often finding evidence of smaller effects or even contradicting the findings of initial studies. Thus, cumulative meta-analyses allow the appreciation of these phenomena.

We used a previously described test for excess significance \[[@CR40]\]. Briefly, this test evaluates whether the number of studies with nominally significant results (i.e. with *P* \<0.05) among those included in a meta-analysis is too large based on the power that these data sets have to detect effects at α = 0.05. The power estimate for each data set was calculated. The sum of the power estimates of each study provides the expected number of data sets with nominal statistical significance. As described elsewhere, the number of expected positive data sets can be compared with the observed number of statistically significant studies in a meta-analysis through a χ^2^-based test. The larger the difference between the observed number and the expected number, the higher the degree of excess significance bias.

We employed a Kruskal-Wallis test followed by a Bonferroni correction to perform a direct comparison of differences in the magnitude of the ESs of the different studies in the different mood states in the between-group meta-analyses. Results of this analysis are shown as medians and interquartile range of the ESs in the different mood states. All analyses were conducted with the Comprehensive Meta-analysis software version 2.0 (Borenstein, NH, USA) and/or the STATA version 13.0 software.

Results {#Sec8}
=======

Overall, the six meta-analyses included 6,481 participants (3,339 cases with BD and 3,142 healthy controls). We identified 1,041 unique references through electronic database searches. Of those, 927 were excluded following title/abstract screening, leaving 114 studies for full-text review. One study for the between-group meta-analysis was excluded because it assessed BDNF levels in different mood states in rapid cycling subjects in a longitudinal manner; therefore, the BDNF assessed was subject to the risk of being influenced by the last episode \[[@CR41]\]. Using the same logic, when a study reported BDNF levels in subjects with BD during mania or depression and healthy controls in the baseline, and in euthymia after treatment for an acute mood episode, we did not consider the BDNF values in euthymia for the between-group meta-analysis of euthymia compared to healthy controls.

Fifty-two studies fulfilled our inclusion criteria \[[@CR7]--[@CR9], [@CR42]--[@CR90]\], 44 for the between-group meta-analyses of BD versus controls in the different mood states \[[@CR7]--[@CR9], [@CR42]--[@CR50], [@CR52], [@CR53], [@CR55], [@CR57]--[@CR64], [@CR66], [@CR68]--[@CR77], [@CR79]--[@CR87], [@CR90]\], providing data on 5,741 participants, of whom 2,599 were subjects with BD and 3,142 were healthy controls, and 18 studies for the within-group meta-analyses of BDNF changes after treatment following an index mood episode \[[@CR8], [@CR47], [@CR51], [@CR55]--[@CR57], [@CR59], [@CR61], [@CR64], [@CR65], [@CR67], [@CR71], [@CR78], [@CR84], [@CR87]--[@CR90]\], comprising data on 740 participants. Some studies provided pairwise comparisons towards more than one meta-analysis. The PRISMA flowchart of study selection is depicted in Additional file [1](#MOESM1){ref-type="media"}: Figure S1, indicating the 70 studies excluded and the reasons for this (Additional file [2](#MOESM2){ref-type="media"}: Table S1).

The 44 studies included in the between-group meta-analyses were published from 2005 to 2015 and varied in sample size (from 26 to 493). The mean age varied from 21 to 65 years. Nineteen studies explored subjects with mania \[[@CR7], [@CR8], [@CR43], [@CR44], [@CR46], [@CR49], [@CR50], [@CR55], [@CR57], [@CR59]--[@CR61], [@CR64], [@CR70], [@CR76], [@CR84], [@CR85], [@CR87], [@CR90]\], 15 studies explored subjects with depression \[[@CR9], [@CR46], [@CR49], [@CR50], [@CR52], [@CR54], [@CR57], [@CR60], [@CR68], [@CR71], [@CR72], [@CR76], [@CR81], [@CR86], [@CR90]\], 24 explored subjects in euthymia \[[@CR42]--[@CR49], [@CR53], [@CR58], [@CR60], [@CR62], [@CR63], [@CR66], [@CR69], [@CR72]--[@CR74], [@CR77], [@CR79], [@CR80], [@CR82], [@CR83], [@CR86]\], and three examined subjects in a mixed episode \[[@CR57], [@CR72], [@CR75]\]. In the studies that reported on manic subjects, the mean YMRS varied from 22 to 48. Mean HDRS scores varied from 18 to 28 in studies that reported on depressed subjects. Six studies in mania provided data regarding drug-free subjects \[[@CR8], [@CR50], [@CR57], [@CR61], [@CR70], [@CR87]\] and three regarding drug-free persons with depression \[[@CR50], [@CR68], [@CR81]\]. All studies in euthymia only provided data for medicated subjects. Regarding the source of the peripheral BDNF levels, two studies analysed BDNF in whole blood \[[@CR64], [@CR87]\] and 15 in plasma \[[@CR8], [@CR43]--[@CR45], [@CR47], [@CR48], [@CR52], [@CR61], [@CR63], [@CR68], [@CR70], [@CR77], [@CR79], [@CR81], [@CR90]\]. All other studies considered BDNF in serum. In most of the studies, the control groups were matched by sex and age to the case groups.

The general demographic characteristics of the within-group meta-analyses were similar to the abovementioned for the between-group meta-analyses. Thirteen studies analysed changes in BDNF levels following treatment for an acute manic episode \[[@CR8], [@CR47], [@CR51], [@CR55], [@CR57], [@CR59], [@CR61], [@CR64], [@CR65], [@CR84], [@CR87], [@CR88], [@CR90]\] and seven for an acute depressive episode \[[@CR56], [@CR57], [@CR67], [@CR71], [@CR78], [@CR89], [@CR90]\]. The studies were published from 2006 to 2015 and also varied in sample size (from 6 to 198). The follow-up ranged from 4 to 52 weeks for an index manic episode, and from 1 to 16 weeks for an index depressive episode. In mania, the baseline mean YMRS scores ranged from 11 to 44, and in depression the mean baseline HDRS scores ranged from 18 to 24. All studies of an index acute manic episode achieved aggregate response, as defined by a decrease of at least 50 % in mean YMRS scores. The mean changes in the decreases in YMRS scores ranged from 51 % to 92 % of the baseline values. The psychiatric medications employed in the treatment of the manic episode in the studies considered included lithium, valproate, quetiapine, risperidone, and other atypical antipsychotics; most studies used a combination of these medications. Of the studies considering BDNF changes with treatment for an index acute depressive episode, three provided data for responders \[[@CR57], [@CR67], [@CR78]\], as defined by a decrease of at least 50 % in mean HDRS scores, and four for non-responders \[[@CR56], [@CR78], [@CR89], [@CR90]\]. In general, the mean decreases in HDRS scores ranged from 10 % to 65 % of the baseline values. The psychiatric medications employed in the treatment of the depressive episode in the studies included valproate, quetiapine, risperidone, ketamine, a combination of atypical antipsychotics, and mifepristone.

The majority of the studies assessed BDNF levels using an ELISA kit. Detailed information regarding characteristics of the included studies in the between-group and within-group meta-analyses are provided in Additional file [2](#MOESM2){ref-type="media"}: Tables S2 and S3, respectively.

Peripheral BDNF levels are decreased in BD in mania and depression in tandem with severity of symptomatology but not in euthymia {#Sec9}
--------------------------------------------------------------------------------------------------------------------------------

Forty-four studies were included in the between-group meta-analyses of subjects with BD versus healthy controls in the different mood states \[[@CR7]--[@CR9], [@CR42]--[@CR50], [@CR52], [@CR53], [@CR55], [@CR57]--[@CR64], [@CR66], [@CR68]--[@CR77], [@CR79]--[@CR87], [@CR90]\], providing data on 5,741 participants, of whom 2,599 were subjects with BD and 3,142 were healthy controls, which are summarized in Additional file [2](#MOESM2){ref-type="media"}: Table S2. Overall, random-effects between-group meta-analysis showed that peripheral BDNF levels were decreased in subjects with BD in mania with moderate effect sizes (*g* = −0.57, 95 % CI −0.99 to −0.14, *P* = 0.010, 19 between-group comparisons, n = 1,397) and decreased in depression with large effect sizes (*g* = −0.93, 95 % CI −1.37 to −0.50, *P* = 0.001, 15 between-group comparisons, n = 1,074) when compared to healthy controls. In contrast, there were no changes in peripheral BDNF levels in euthymia (*g* = 0.05, 95 % CI −0.13 to 0.24, *P* = 0.569, 24 between-group comparisons, n = 3,057; Table [1](#Tab1){ref-type="table"}, Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}).Table 1Statistics on between-group meta-analyses regarding peripheral brain-derived neurotrophic factor levels in bipolar disorderBetween-groupN of pairwiseNumber of subjectsMeta-AnalysisHeterogeneityBDControlsHedges' *g*95 % CI*P* value*I* ^2^Q*P* valueMania Mania vs. HC -- all\*19605792−0.57−0.99−0.140.01092.07239.690.001 Mania vs. HC -- drug-naïve or free\*6175186−0.66−1.14−0.100.02079.4329.170.001 Mania vs. HC -- medicated14430628−0.54−1.090.000.05192.71178.410.001 Mania vs. HC -- serum\*12288512−0.97−1.41−0.530.00186.4581.120.001 Mania vs. HC -- plasma6206188−0.03−0.980.950.95194.7394.940.001 Mania vs. HC -- plasma Barbosa excluded\*412492−0.72−1.27−0.170.00170.0610.020.018 Mania vs. HC -- whole-blood21441530.12−0.110.350.296N/AN/AN/A Mania vs. HC -- age-/sex-matched14488551−0.46−0.990.070.07393.09202.400.001 Mania vs. HC -- not age-/sex-matched\*5117241−0.84−1.51−0.180.04286.1728.900.001Depression Depression vs. HC -- all\*15352722−0.93−1.37−0.500.00187.88107.270.001 Depression vs. HC -- drug-naïve or free\*347210−1.24−1.88−0.610.00164.245.590.061 Depression vs. HC -- medicated\*13305534−0.90−1.59−0.550.00188.4095.510.001 Depression vs. HC -- serum\*12305519−0.72−1.17−0.270.00287.53114.670.001 Depression vs. HC -- plasma\*347203−1.94−3.38−0.490.00990.2520.510.001 Depression vs. HC -- age-/sex-matched\*10245501−0.81−1.29−0.350.00182.2645.110.001 Depression vs. HC -- not age-/sex-matched\*5107221−1.23−2.30−0.170.02393.1858.730.001 Depression vs. HC -- only BD type I\*12219369−1.27−1.80−0.720.00186.0571.700.001Euthymia Euthymia vs. HC -- all24159814590.05−0.130.240.56981.19122.290.001 Euthymia vs. HC -- serum169801022−0.04−0.160.170.68986.6769.660.001 Euthymia vs. HC -- plasma86184370.26−0.120.650.62686.6752.510.001 Euthymia vs. HC -- age-/sex-matched166587330.02−0.290.330.89487.41119.190.001 Euthymia vs. HC -- not age-/sex-matched7919700−0.06−0.400.260.70288.1850.750.001 Euthymia vs. HC -- only BD type I166317570.01−0.300.320.31987.00115.430.001 Euthymia vs. HC -- only BD type II23148−0.36−1.460.730.72981.665.450.001Mixed State Mixed state vs. HC -- all3441690.09−0.570.750.78769.146.480.039Moderators between-groupN of pairwiseNumber of subjectsMeta-regressionMeta-regressionBDControlsSlope95 % CI*P* valueInterceptZ*P* valueMania Age of BD patients -- all\*196057920.070.020.130.005−3.41−3.270.001 Age of BD patients -- Barbosa excluded175236960.03−0.030.100.305−1.93−1.540.123 Age of controls -- all196057920.04−0.010.010.165−2.14−1.850.064 Age difference~(BD-HC)~ -- all\*196057920.180.050.310.004−0.61−3.150.001 Age difference~(BD-HC)~ -- Barbosa excluded175236960.08−0.070.240.295−0.74−3.860.001 %Females (Patients)-- all175797600.01−0.010.040.288−1.33−1.760.076 %Females (HC) -- all175797600.00−0.020.020.811−0.75−0.960.332 Difference in %females ~(BD-HC)~ -- all175797600.02−0.010.050.250−0.54−2.250.023 Mean illness duration (years) -- all134815680.10−0.010.210.070−1.60−2.270.023 Sample size-- all196057920.00−0.000.010.126−1.09−2.680.009 YMRS scores -- all\*17583750−0.09−0.15−0.030.0042.442.330.019 YMRS scores -- plasma\*5192176−0.09−0.16−0.010.0172.962.470.013 YMRS scores -- serum10247421−0.07−0.150.000.0521.631.180.235Depression Age of BD patients -- all143467020.01−0.040.060.681−1.41−1.210.225 Age of controls -- all143467020.00−0.060.070.996−1.00−0.760.445 Age difference~(BD-HC)~ -- all143467020.08−0.070.240.262−1.22−3.990.001 %Females (HC) -- all14346702−0.00−0.020.010.850−1.03−1.620.104 %Females (Patients) -- all143467020.00−0.010.010.782−1.28−2.300.020 Difference in %females ~(BD-HC)~ -- all143467020.02−0.010.050.193−0.95−3.680.001 Mean illness duration (years) -- all\*5103359−0.14−0.20−0.070.001−2.473.440.001 Sample size -- all153527220.00−0.000.010.070−1.60−3.740.001 Year of publication -- all153527220.03−0.140.190.726−61.80−0.350.722 HDRS scores -- all\*13311609−0.23−042−0.040.0184.401.930.053 HDRS scores -- serum11274427−0.12−0.350.090.2651.700.600.542Euthymia Age of BD patients -- all2415981459−0.00−0.020.020.9500.110.230.831 Age of controls -- all2415981459−0.00−0.020.010.8020.160.360.712 Age difference~(BD-HC)~ -- all24159814590.02−0.060.110.5370.040.410.676 %Females (HC) -- all23142511970.00−0.010.010.878−0.03−0.050.995 %Females (Patients) -- all23142511970.00−0.010.020.690−0.26−0.400.684 Difference in %females ~(BD-HC)~ -- all23142511970.01−0.020.030.5550.060.680.495 Number of mood episodes -- all52062200.01−0.050.060.833−0.24−0.580.557 Illness duration (years) -- all138316960.01−0.020.050.5770.010.010.992 Illness duration (years) -- excluding Barbosa 2010, 2012, 201310739575−0.01−0.040.020.4960.130.480.630 Sample size -- all2415981459−0.00−0.010.010.5300.120.850.390HDRS, Hamilton Depression Rating Scale; YMRS, Young Mania Rating Scale; CI, Confidence interval; BD, Bipolar disorder; HC, healthy controls; N/A, not applicable\*p\<0.05Fig. 1Forest plots of between-group meta-analyses measuring peripheral brain-derived neurotrophic factor (BDNF) levels in subjects with bipolar disorder compared to healthy controls, separated by mood state and medication status. (**a**) Mania, studies separated according use of medication. (**b**) Depression, studies separated according use of medication. The sizes of the circles are proportional to the sample size. Circles depict individual studies and diamonds depict the pooled effect sizes. Serum and plasma BDNF levels were decreased in subjects with bipolar disorder in mania and depression on and off psychiatric medication when compared to healthy controlsFig. 2Forest plots of between-group meta-analysis measuring peripheral brain-derived neurotrophic factor (BDNF) levels in subjects with bipolar disorder in euthymia compared to healthy controls. All studies referred to persons on psychiatric medication. The sizes of the circles are proportional to the sample size. Circles depict individual studies and diamonds depict the pooled effect size. Serum and plasma BDNF levels were not altered in persons with bipolar disorder in euthymia when compared to healthy controls

When we carried out sub-group analyses according to the use of psychiatric medication, we verified that BDNF levels remained decreased with a moderate effect size in subjects in mania when the subjects were drug-free (*g* = −0.66, 95 % CI −1.14 to −0.10, *P* = 0.020, 6 between-group comparisons, n = 361) but not when the subjects were on psychiatric medication (*g* = −0.54, 95 % CI −1.09 to −0.00, *P* = 0.051, 14 between-group comparisons, n = 1,058). However, in the last sub-group, the 95 % CI was large, and the result was verging on significant (Table [1](#Tab1){ref-type="table"}, Fig. [1a](#Fig1){ref-type="fig"}). Similarly, BDNF levels remained decreased with a large effect size in individuals in depression irrespective of them being drug-free (*g* = −1.24, 95 % CI −1.88 to −0.61, *P* = 0.001, 3 between-group comparisons, n = 257) or on psychiatric medication (*g* = −0.90, 95 % CI −1.59 to −0.55, *P* = 0.001, 13 between-group comparisons, n = 839; Table [1](#Tab1){ref-type="table"}, Fig. [1b](#Fig1){ref-type="fig"}). Peripheral BDNF levels were not significantly altered in BD participants in a bipolar mixed episode compared to healthy controls (*g* = 0.09, 95 % CI −0.57 to 0.75, *P* = 0.787, 3 between-group comparisons, n = 213); however, only three studies \[[@CR57], [@CR72], [@CR75]\] were included in this sub-group and the 95 % CI was extremely large and, consequently, this analysis is likely to be underpowered (Table [1](#Tab1){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Figure S2).

We set to verify if there were differences in the extent of the decrease of peripheral BDNF levels according to mood states in order to assess the properties of peripheral BDNF levels as a possible state biomarker of disease activity in BD. For this, we performed a direct comparison of the ESs of the different studies in mania, depression, and euthymia. In general, the median and interquartile range of the ESs were different across the mood spectrum (−0.67, −1.09 to 0.06 in mania; −0.86, −1.91 to −0.13 in depression; −0.03, −0.24 to 0.31 in euthymia; *P* = 0.002, 58 comparisons, n = 5,528). Peripheral BDNF levels were equally decreased in mania and depression (*P* = 0.340, 34 comparisons, n = 2,471), and both manic and depressive states presented BDNF levels to be decreased when compared to the euthymic state (*P* = 0.014, 43 comparisons, n = 4,454 for mania vs. euthymia; *P* = 0.001, 39 comparisons, n = 4,131 for depression vs. euthymia; Bonferroni correction for multiple comparisons applied). Although the difference between those in acute manic and depressive episodes was statistically significant when compared to those in euthymia, the variability was large, and there was considerable overlap between the values of BDNF levels found in mania and depression with those in euthymia (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 3(**a**) Direct comparison of the effect sizes of the different studies in mania, depression, and euthymia. Peripheral brain-derived neurotrophic factor (BDNF) levels were equally decreased in mania and depression (*P* = 0.340), and both manic and depressive states presented BDNF levels decreased when compared to euthymic state (*P* = 0.002). (**b**) Meta-regression of the effect sizes of peripheral BDNF levels against severity of mania as assessed by the Young Mania Rating Scale (YMRS) scores, showing more accentuated decreases in BDNF levels with increase in YMRS scores (*P* = 0.004). (**c**) Meta-regression of the effect sizes of peripheral BDNF levels against severity of depression as assessed by the Hamilton Depression Rating Scale (HDRS) scores, showing more accentuated decreases in BDNF levels with increase in HDRS scores (*P* = 0.018). (**d**) Meta-regression of the effect sizes of peripheral BDNF levels against duration of illness in years in euthymic subjects, showing no association between BDNF levels and duration of bipolar illness in years during euthymia (*P* = 0.577)

In univariable meta-regression models, we found a negative relationship between BDNF levels and severity of manic symptoms according to YMRS scores in persons with acute mania, and of depressive symptoms according to HDRS scores in persons with a current depressive episode, indicating that the greater the severity of manic and depressive symptoms, the greater the decrease in BDNF levels (Table [1](#Tab1){ref-type="table"}, Fig. [3b, c](#Fig3){ref-type="fig"}). When a separate analysis according to the source of peripheral BDNF was performed, we verified that, in mania, the severity of YMRS scores was negatively related to the magnitude of the ES in plasma, but not in serum. In depression, when we sub-grouped the meta-regressions according to source, the previous significant effect was lost in serum, and, since only two studies provided data on HDRS in plasma of depressed individuals, it was not possible to perform a meta-regression in this scenario. However, this may suggest that most of the significance of the association of HDRS scores with BDNF levels was due to the use of plasma in the same line as that in mania (Table [1](#Tab1){ref-type="table"}).

Another important predetermined moderator was length of illness, defined as the difference between age at the moment of the blood draw and age of the occurrence of the first episode in years. In univariable meta-analysis, we found a negative relationship between BDNF levels and length of illness in years during a depressive episode, but not during a manic episode. Since most of the studies did not provide data on length of the current index mood episode, it is not possible to analyse if the significant result found in depression was due to longer depressive episodes and a consequent decrease in time spent in remission. During euthymia, we found no relationship between length of illness and BDNF levels, even when three studies conducted by Barbosa et al*.* \[[@CR43]--[@CR45]\], which could be considered potentially outliers, were excluded (Fig. [3d](#Fig3){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}).

BDNF levels increase after successful treatment of mania {#Sec10}
--------------------------------------------------------

In order to verify if pharmacological treatment of an index mood episode induced changes in peripheral BDNF levels, we conducted two within-group meta-analyses of longitudinal studies, one of BDNF changes before and after treatment of a manic episode, and one of BDNF levels before and after treatment of a depressive episode. In total, 18 studies were included \[[@CR8], [@CR47], [@CR51], [@CR55]--[@CR57], [@CR59], [@CR61], [@CR64], [@CR65], [@CR67], [@CR71], [@CR78], [@CR84], [@CR87]--[@CR90]\]. Thirteen studies referred to pharmacological treatment of a manic episode \[[@CR8], [@CR47], [@CR51], [@CR55], [@CR57], [@CR59], [@CR61], [@CR64], [@CR65], [@CR84], [@CR87], [@CR88], [@CR90]\], comprising 556 subjects. In all studies, response, defined as a decrease in at least 50 % of the baseline mean YMRS scores, was achieved in all studies, and full remission, defined as mean YMRS scores of less than 7 at follow-up, was achieved in all but three \[[@CR51], [@CR65], [@CR88]\]. Overall, peripheral BDNF levels showed a small increase after treatment of a manic episode (*g* = 0.26, 95 % CI 0.09 to 0. 54, *P* = 0.003, 13 between-group comparisons, n = 556). When performing sub-group analyses according to source, we verified that BDNF levels increased in plasma (*g* = 0.23, 95 % CI 0.02 to 0.44, *P* = 0.028, 7 between-group comparisons, n = 332) but not in serum (*g* = 0.39, 95 % CI −0.03 to 0.81, *P* = 0.065, 5 between-group comparisons, n = 122; Fig. [4a](#Fig4){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}). One study assessed BDNF in whole blood \[[@CR64]\] and found a non-significant result. In univariable meta-regressions, we found no influence of duration of follow-up in weeks or of improvement of YMRS scores in the ES of BDNF levels before and after treatment (Table [2](#Tab2){ref-type="table"}).Fig. 4Forest plots of within-group meta-analyses measuring peripheral brain-derived neurotrophic factor (BDNF) levels in subjects with bipolar disorder before and after treatment for an index acute manic or depressive mood episode. (**a**) Mania studies grouped according the source of the blood sample. All studies presented response to the manic episode after pharmacological treatment, as defined as a decrease of at least 50 % on the Young Mania Rating Scale scores. Plasma BDNF levels increased after successful treatment of an index manic episode. Serum BDNF levels remained unchanged. (**b**) Depression studies grouped according the source of the blood sample. Serum and plasma BDNF levels remained unchanged after treatment of an index depressive episode. (**c**) Depression studies grouped according response or non-response to pharmacological treatment of the acute depressive episode, defined as a decrease of at least 50 % on the Hamilton Depression Rating Scale scores. Serum and plasma BDNF levels remained unchanged after treatment of an index depressive episode regardless of response or non-response to treatment. The sizes of the circles are proportional to the sample size. Circles depict individual studies and diamonds depict the pooled effect sizesTable 2Statistics on within-group meta-analyses regarding peripheral brain-derived neurotrophic factor levels in bipolar disorderWithin-GroupN of pairwiseNumber of subjectsMeta-analysisHeterogeneityHedges' *g*95 % CI*P* value*I* ^2^Q*P* valueMania Mania-- all\*135560.260.090.450.00369.6939.600.001 Serum and plasma\*124540.300.080.440.00578.4818.590.001 Serum51220.39−0.030.810.06578.4818.590.001Plasma\*73320.230.020.440.02855.2013.390.037 Whole blood11020.01−0.190.200.941N/AN/AN/A Depression Depression -- all81840.05−0.280.380.74776.5129.790.001 Depression -- except Mackin 2007 \[[@CR71]\]71640.15−0.180.490.36472.8422.090.001 Serum588−0.12−0.520.290.56372.1514.360.006 Plasma3960.40−0.401.210.32985.9314.220.001 Response3115−0.06−0.240.180.492N/AN/AN/A Non-response5690.13−0.530.790.70285.691.510.001Moderators within-groupN of pairwiseNumber of subjectsMeta-regressionMeta-regressionSlope95 % CI*P* valueInterceptZ*P* valueMania Age of BD Patients -- all9456−0.01−0.040.020.3980.801.390.165 % Females -- all135560.01−0.030.020.4780.070.270.782 Baseline YMRS scores125420.01−0.010.020.9300.200.630.522 Difference in YMRS~(After\ --\ Before)~12542−0.01−0.020.020.2980.161.420.155 % Change in YMRS Scores12542−0.01−0.020.010.2130.771.730.083 Follow-up duration (weeks)135560.01−0.010.030.3960.191.630.101 Year of publication13556−0.07−0.12−0.010.011141.632.530.011Depression Age of BD patients -- all6164−0.01−0.050.020.3930.500.690.489 % Females -- all\*61640.010.000.020.042−0.54−2.290.021 % Females -- excluding Mackin 2007 \[[@CR71]\]51440.01−0.010.010.555−0.20−0.680.490 Baseline HDRS scores81840.02−0.180.220.823−0.42−0.190.845 Difference in HDRS~(After\ --\ Before)~7164−0.02−0.090.060.658−0.01−0.010.988 % Change in HDRS scores71640.01−0.010.020.566−0.05−0.130.892 Follow-up duration (weeks)81840.01−0.050.070.673−0.04−0.120.899 Year of publication81840.01−0.110.110.987−1.76−0.010.988HDRS, Hamilton Depression Rating Scale; YMRS, Young Mania Rating Scale; CI, Confidence interval; BD, Bipolar disorder; N/A, Not applicable\*p\<0.05

Seven studies \[[@CR56], [@CR57], [@CR67], [@CR71], [@CR78], [@CR89], [@CR90]\] comprising 184 subjects investigated changes in peripheral BDNF levels before and after treatment for a current depressive episode. Overall, there were no changes in peripheral BDNF levels before and after pharmacological treatment (*g* = 0.06, 95 % CI −0.29 to 0.41, *P* = 0.747, 8 between-group comparisons, n = 184). When we excluded the study of Mackin et al. \[[@CR71]\], which employed mifepristone as the pharmacological treatment for depression, the results remained unchanged (Table [1](#Tab1){ref-type="table"}). In addition, the results remained non-significant when we sub-grouped the studies conducted using serum or plasma separately (Fig. [4b](#Fig4){ref-type="fig"}), and according to presence or absence of response to treatment of the depressive episode as assessed using HDRS scores (Fig. [4c](#Fig4){ref-type="fig"}). Again, the meta-regressions showed no effect of length of the treatment employed in weeks and changes of HDRS scores on BDNF levels (Table [2](#Tab2){ref-type="table"}).

Investigation of heterogeneity: sub-groups and meta-regressions analyses {#Sec11}
------------------------------------------------------------------------

We performed further sub-group and meta-regression analyses to explore potential sources of between-study heterogeneity in both between- and within-group meta-analyses. In the between-group meta-analyses, the results remained significant in depression when we assessed peripheral BDNF levels according to source (i.e. serum or plasma), and also remained non-significant in euthymia regardless of the source. However, in mania, the results remained significant in serum (*g* = −0.97, 95 % CI −1.41 to −0. 53, *P* = 0.001, 12 between-group comparisons, n = 800) but not in plasma (*g* = −0.03, 95 % CI −0.98 to 0.95, *P* = 0.951, 6 between-group comparisons, n = 394). However, in plasma, only six studies were available, and the 95 % CI were extremely large. When we analysed studies in mania using plasma excluding the studies of Barbosa et al. \[[@CR43], [@CR44]\], which included chronic and heavily medicated subjects and were possible outliers, the pooled ES yielded a significant result (*g* = −0.72, 95 % CI −1.27 to −0.17, *P* = 0.001, 4 between-group comparisons, n = 116).

Again, when we performed sub-group analyses considering whether the control group was matched to the bipolar group, we found no differences between matched and non-matched studies in depression and euthymia. However, in mania, BDNF levels only remained significant in the non-matched subgroup, although again the 95 % CI was very large (*g* = −0.46, 95 % CI −0.99 to 0.07, *P* = 0.073, 14 between-group comparisons, n = 1,039 in the matched group; *g* = −0.84, 95 % CI −1.51 to −0.18, *P* = 0.042, 14 between-group comparisons, n = 358 in the not-matched group). In addition, we wanted to verify if there were differences in peripheral BDNF levels in those with types I or II BD. In euthymia, the differences in BDNF levels between persons with BD and healthy controls remained non-significant regardless of whether the subjects had type I or II BD. In depression, the results remained significant only when depressed subjects with type I BD were included (*g* = −1.27, 95 % CI −1.80 to −0.72, *P* = 0.001, 12 between-group comparisons, n = 588). It was not possible to carry out an analysis considering only subjects in a depressive state with type II BD. Heterogeneity remained very high in all sub-group scenarios (Table [1](#Tab1){ref-type="table"}).

In the meta-regressions of the between-group meta-analyses, sex, year of publication, and sample size did not seem to contribute to heterogeneity in between-group meta-analyses comparing peripheral BDNF levels of participants in mania, depression, or euthymia compared to their respective healthy controls (Table [1](#Tab1){ref-type="table"}). The mean age of manic subjects, and most notably the mean difference in age between manic subjects and healthy controls included in a particular study appeared to contribute to heterogeneity in the between-group meta-analysis of mania versus healthy controls. Mean age did not seem to contribute to heterogeneity in between-group meta-analyses comparing peripheral BDNF levels of participants in depression or euthymia compared to their respective healthy controls (Table [1](#Tab1){ref-type="table"}).

In the within-group meta-analysis involving participants with a manic or depressive state, sub-group analyses or meta-regression could not explain the high heterogeneity that was found. In the within-group meta-analysis of mania, when we performed sub-group analyses according to the source of BDNF, we verified that studies that assessed BDNF in plasma showed lower heterogeneity than those in serum (*I*^2^, 55.2 in plasma and 78.5 in serum; Table [2](#Tab2){ref-type="table"}). When we assessed the effect of moderators using meta-regressions, we verified that heterogeneity in mania could not be explained by percentage of female participants, mean age, mean length of illness, follow-up time, sample size, or differences in YMRS scores between baseline and post-intervention (Table [2](#Tab2){ref-type="table"}). Year of publication was the only moderator that achieved statistical significance in the treatment of a manic episode, showing that the magnitude of the ES decreased with time (Table [2](#Tab2){ref-type="table"}). In depression, higher percentages of female participants were associated with a small increase in BDNF levels (Table [2](#Tab2){ref-type="table"}).

Sensitivity analyses and cumulative meta-analyses {#Sec12}
-------------------------------------------------

We conducted a sensitivity analysis in all meta-analyses excluding studies one at a time to determine the robustness of the analyses and to verify if a particular study was responsible for the high heterogeneity or significance of the pooled ES estimate. No single study thoroughly explained the heterogeneity, and the results remained significant in all cross-sectional meta-analysis of mania, depression, euthymia, and all longitudinal meta-analysis of mania and depression (Additional file [1](#MOESM1){ref-type="media"}: Figures S3 to S7).

We sought to determine the stability of ES estimates over time through cumulative meta-analyses. For the between-group meta-analysis that included participants with mania versus healthy controls, the ES estimates were larger from 2005 to 2013. Thereafter, the ES reached stability (Additional file [1](#MOESM1){ref-type="media"}: Figure S8). An opposite behaviour was found for the between-group meta-analysis of depression versus healthy controls, where the magnitude of the pooled ES increased from 2006 to 2010, and thereafter started to decrease again, reaching stability in 2013 (Additional file [1](#MOESM1){ref-type="media"}: Figure S9). For the between-group meta-analysis of euthymic BD versus healthy controls, a small dispersion in the ES from 2006 to 2011 was verified, while the ES of individual studies reached stability since then (Additional file [1](#MOESM1){ref-type="media"}: Figure S10). When considering the within-group meta-analyses of both depression and mania, ES estimates reached stability since 2013, becoming smaller and tending towards zero (Additional file [1](#MOESM1){ref-type="media"}: Figures S11 and S12).

Bias assessment and power {#Sec13}
-------------------------

The evidence suggests the existence of small study effects, which is indicative of publication bias, in the between-group meta-analyses comparing depression or mania to healthy controls (Additional file [2](#MOESM2){ref-type="media"}: Tables S4 and S5), whereas evidence for publication bias was not observed in the other meta-analyses. Funnel plots are depicted in Additional file [1](#MOESM1){ref-type="media"}: Figures S13 to S17. The trim-and-fill procedure was thus performed in the between-group meta-analyses of depression or mania compared to healthy controls. However, no additional studies were imputed in these meta-analyses (Additional file [1](#MOESM1){ref-type="media"}: Figures S13 and S14). In addition, the fail-safe N statistic revealed that 253 and 409 additional studies, respectively, would be required to turn the ESs of the between-group meta-analyses of mania and bipolar depression non-significant.

An excess of significance bias was assessed in all meta-analyses through the Ioannidis test \[[@CR40]\], considering the ES of the largest study as the true ES of each meta-analysis. An excess of significance bias was observed for between-group meta-analyses that included participants with euthymic BD and mania compared to healthy controls, and for the within-group meta-analysis of depression (Additional file [2](#MOESM2){ref-type="media"}: Table S5). No evidence for this type of bias was found in the between-group meta-analysis of depression versus healthy controls, or in the between-group meta-analysis of serum BDNF differences in manic subjects versus controls. There was also no evidence of excess significance in the within-group meta-analysis that included participants with mania (Additional file [2](#MOESM2){ref-type="media"}: Table S5).

Between-study heterogeneity was large or very large for all meta-analyses, and the 95 % prediction intervals of all meta-analyses included the null value, meaning that if a new future study were conducted on the subject, it could generate a non-significant result (Additional file [2](#MOESM2){ref-type="media"}: Table S5).

In addition, we estimated the sample size required to identify an ES of 0.26 (we assumed that the true real ES would equal that of the pooled ES of our meta-analysis) taking in account a power of 0.80 and an alpha level of 0.05 (two-tailed paired *t*-test) following treatment of acute mania. These calculations estimated that a sample size of 119 manic participants would be necessary. Eligible study sample sizes ranged from 10 to 116 participants, and thus were likely underpowered to detect differences in BDNF under these assumptions. In the between-group meta-analyses, 11 participants were necessary to reliably detect the observed ES in depression, while 28 participants were needed to detect the observed difference in mania.

Discussion {#Sec14}
==========

Our six meta-analyses of peripheral BDNF levels in BD included a total of 52 cross-sectional or longitudinal studies comprising 6,481 participants. BDNF levels were moderately decreased in persons with BD during mania and largely decreased during depression. The extent of the decrease in peripheral BDNF levels paralleled the severity of manic and depressive episodes \[[@CR14]\]. There were no alterations in peripheral BDNF levels in euthymia or in mixed states compared to healthy controls. Notably, there was no association between BDNF levels and duration of illness in euthymia, suggesting it is not a useful biomarker of stage. Importantly, in direct comparisons across distinct mood states, we demonstrated that the magnitude of the reduction in peripheral BDNF levels is comparable in mania and depression, and that both are equally reduced when compared to euthymia, suggesting peripheral BDNF levels as a biomarker capable of addressing the matter of disease activity in BD. Additionally, peripheral BDNF levels increased after a successful treatment of an index manic episode but not of a depressive episode -- although it should be noted that, in general, treatments for mania are more robustly efficacious than for depression. Insufficient data were available to clarify whether it is a biomarker of treatment response or prognosis.

Lower levels of peripheral BDNF levels in manic and depressive episodes of BD were found in previous meta-analysis on the topic \[[@CR14]--[@CR16], [@CR25], [@CR26]\]. The first three published found BDNF levels decreased in both mania and depression, with normal levels in euthymia \[[@CR14]--[@CR16]\]. More recently, two published meta-analysis suggested decreased levels of peripheral BDNF in bipolar depression but not in mania \[[@CR25], [@CR26]\]; however, one \[[@CR26]\] had very strict inclusion criteria, and did find BDNF levels decreased in mania after the exclusion of one study which was an outlier \[[@CR44]\]. The second one, the most recently published, also did not pinpoint decreased levels of peripheral BDNF in mania; however, it did so in serum when a sub-group analysis was executed. They also found strong evidence of publication bias, with the trim-and-fill estimation suggesting the presence of several missing reports, and the authors proposed that the studies and the literature that suggest that the finding that BDNF levels are decreased in acute episodes of BD might possibly be unreliable due to the presence of publication bias and bias in the individual included studies. However, this later study had an incomplete systematic search and the possible introduction of metabias (bias inserted in a meta-analysis due to issues in the systematic review) -- confounding interpretation of this meta-analysis. Although the previous study discussed herein \[[@CR25]\] and the present one had very similar inclusion and exclusion criteria, and considered studies published in a similar period of time, we were able to include almost 50 % more studies and almost twice the number of participants (35 vs. 52 studies, and 3,798 vs. 6,481 individual participants, in the study of Munkholm et al*.* \[[@CR25]\] and in the present study, respectively). Contrary to the results of Munkholm et al*.* \[[@CR25]\], the trim-and-fill method did not suggest any missing studies in the between-group meta-analyses. This conceivably suggests that the discordance between our findings and those of Munkholm et al. \[[@CR25]\] may rest on differences in systematic search strategy. Therefore, our results regarding decreased peripheral BDNF levels in mania are arguably a more accurate portrait of the reality than the null results depicted by Munkholm et al*.* \[[@CR25]\].

Peripheral BDNF as a biomarker in BD {#Sec15}
------------------------------------

The role of BDNF in serum and plasma as a biomarker in psychiatric conditions, including BD, has been recently debated. We found a negative association between serum and plasma BDNF levels and severity of manic and depressive symptoms in mania and depression, meaning that the higher the severity of manic or depressive symptoms, the lower the BDNF levels. This is in line with a recent meta-analysis conducted by Molendijk et al*.* \[[@CR91]\], which also found a negative association with serum BDNF levels and severity of depressive symptoms in drug-free subjects with major depressive disorder. In 2010, we first proposed the measurement of proteins in peripheral blood as a laboratory tool to acquire insight into illness activity, and put forward the idea of peripheral BDNF levels as a biomarker of disease activity in BD \[[@CR17]\]. In that preliminary report we found that serum BDNF levels in BD were capable of discriminating subjects in mania from subjects in euthymia and healthy controls with a moderate accuracy of 0.72, and also subjects in depression from subjects in euthymia and healthy controls, again with a moderate accuracy of 0.76 \[[@CR17]\]. Subsequently, we investigated if peripheral BDNF levels were decreased to the same extent during acute mood episodes across the schizoaffective spectrum \[[@CR16]\], and uncovered that serum and plasma BDNF levels are equally decreased during acute mood episodes of BD and major depressive disorder, and in schizophrenia, and that its levels were normal in BD during euthymia and in major depressive disorder during remission. We confirmed our previous findings in the present study, showing that peripheral BDNF levels diminished similarly in both manic and depressive episodes of BD and were normal in euthymia, and extended our findings by also showing that BDNF levels are decreased in tandem with severity of symptoms. However, the variability and consequent overlap among the results found in acute episodes with those in euthymia were large, thereby preventing its use in isolation in clinical practice as a useful laboratory blood biomarker. This is somehow reflected by the only moderate discriminatory accuracy properties that we described in our earlier findings \[[@CR17]\]. In keeping with this view, peripheral BDNF levels hold promise as a biomarker of disease activity in BD, possibly as a component of a panel of several proteins \[[@CR17]\]. This approach has also been proposed by others \[[@CR92], [@CR93]\], although it has been applied to genomics and not to blood protein content.

Recently, using meta-analytic techniques, we established that peripheral BDNF levels are decreased in schizophrenia \[[@CR94]\] and in major depressive disorder \[[@CR91]\], and that the extent of the decrease is indistinguishable among acute mood states and schizophrenia along the schizoaffective continuum \[[@CR16]\]. The ability of a biomarker to usefully support clinical diagnosis in psychiatry would be of great significance \[[@CR9], [@CR14], [@CR16], [@CR95]\]. Considering the schizoaffective spectrum, the most valuable diagnostic biomarkers would be those capable of truly differentiating bipolar from unipolar depression and mania from acute schizophrenia \[[@CR9]\] -- seemingly different pathologies with overlapping symptoms. In 2009, based on preliminary results, we proposed serum BDNF levels as a possible adjunctive tool to discriminate between bipolar and unipolar depression with a high accuracy of 0.95 \[[@CR9]\]. However, based on the present data, and on our subsequent meta-analyses on peripheral BDNF in schizophrenia and in major depressive disorder \[[@CR16], [@CR91], [@CR94]\], it seems clear that peripheral BDNF levels are not useful as a diagnostic biomarker in psychiatric disorders because of lack of specificity.

In addition to the above, peripheral BDNF has also been suggested as a stage biomarker in psychiatry, capable of capturing the neuroprogressive nature of BD \[[@CR11]\]. The neuroprogression hypothesis postulates that the central nervous system pathologically reorganizes during the course of severe mental illness, resulting in alterations that persist even during euthymia \[[@CR96]\], and this notion is the core idea supporting the conceptualization of a staging model in BD \[[@CR97], [@CR98]\]. Decreased serum BDNF levels were found in the late stages of BD when compared to earlier stages (i.e. more than 10 years and less than 3 years after disease onset, respectively) \[[@CR62]\], and a reanalysis of this data proposed that serum BDNF levels are capable of differentiating late stages from early stages with a sensitivity of 100 %, a specificity of 89 %, and an overall accuracy of 0.95 \[[@CR11]\]. However, in this study, the subjects in the later stage presented with HDRS scores of 9.2 against 3.8 in the early stages, and provided no data regarding for how long the subjects were in euthymia. This raises the possibility that the decreased serum BDNF levels found in late-stage BD may be an artefact of more severe depressive symptoms, as well as the possibility of being a 'scar' of a depressive episode \[[@CR99]\]. In our present study, we found absolutely no association between length of illness or age and peripheral BDNF levels in euthymia, suggesting that BDNF does not have value as a biomarker of stage. These findings are in contrast to what is seen in schizophrenia, where there is evidence of a decrease in BDNF levels with age and length of illness \[[@CR94]\]. This line of reasoning is also in accordance with a recent study that found normal BDNF levels in the late stage of BD \[[@CR74]\]. In addition, there is no correlation between cognition -- a domain considered with neuroimaging changes to be a nucleus of allostatic load and the staging model \[[@CR100]\] -- and peripheral BDNF levels in euthymia \[[@CR53]\]. Also, there were no differences in BDNF levels between BD types I and II in euthymia. It is also conceivable that peripheral BDNF levels might only be altered in a subgroup with a more detrimental long BD course, but either way, our current data do not support the measurement of peripheral BDNF levels as a biomarker of staging in BD.

The neurotrophin hypothesis of BD {#Sec16}
---------------------------------

Scientists have debated the temporal relationship and the consequent matter of causality concerning alterations in BDNF levels and changes in mood states in BD. It remains unclear whether a decrease in peripheral BDNF levels or the initiation of a mood episode materializes first, and whether an increase in peripheral BDNF levels or the recovery from a mood episode occurs first, or even if changes in BDNF levels and symptoms happen concomitantly. While the temporal behaviour of peripheral BDNF levels preceding a mood episode remains largely unknown, there are far more data regarding its changes after the treatment of an index mood episode. In our longitudinal meta-analyses, we were able to show that peripheral BDNF levels increase following the successful treatment of an index manic episode. Moreover, we suggested that BDNF levels increase in plasma but not in serum, although not proportionally to the severity of manic symptoms as assessed by the YMRS scores, meaning that, if remission is achieved, BDNF levels increase, no matter how severe the manic episode previously was. The fact that plasma BDNF levels increased with an ES of 0.23 with achieving euthymia, while the ES of plasma BDNF levels was −0.72, might suggest that BDNF levels keep increasing after improvement of manic symptoms. Still, we cannot draw any definitive causal association in the matter. In sharp contrast to the increased plasma BDNF levels found with treatment of a manic episode, no increase in peripheral BDNF levels were found after treatment of a depressive episode, regardless of whether it was plasma or serum, and regardless of the presence, or not, of response to treatment. However, it is important to point here that response to treatment in depression was mostly incomplete, with subjects in most studies still presenting depressive symptoms at follow-up.

If one considers this line of reasoning correct, then it is tempting to speculate that decreased levels of BDNF in BD may very well represent an epiphenomenon, without implying causality; in support of this is the fact that the polymorphisms of the *BDNF* gene are not associated with BD \[[@CR101]\] or with hippocampal volumes in neuropsychiatric disorders \[[@CR102]\]. Most importantly, BDNF levels are ubiquitously decreased across diverse psychiatric pathologies \[[@CR16], [@CR91], [@CR94]\], and decreased in both poles of BD -- mania and depression -- when one would possibly expect opposite behaviours if its levels were causally related to the development of a mood episode. Either way, our results suggest that the neurotrophin pathway is altered in BD, and provide further evidence supporting the neurotrophic hypothesis in mood disorders. In addition, notwithstanding evidence that indicates that peripheral levels of BDNF may reflect BDNF activity in the brain \[[@CR103], [@CR104]\], it remains unproved whether peripheral BDNF levels would proxy brain levels of this protein.

Strengths and limitations {#Sec17}
-------------------------

Our study relied on a large sample size (52 studies with 6,481 subjects), which permitted us to draw conclusions through meta-analyses and meta-regression techniques. Our positive results are unlikely to be substantially influenced by publication bias, since the funnel plots in all cases were symmetrical, the trim-and-fill procedure did not point to any missing study necessary to impute in order to 'correct' the ES, and in general there were no associations between the magnitude of the pooled ESs and year of publication; however, this cannot be completely excluded in mania, since the presence of an excess of positive (i.e. statistically significant) published studies was suggested by the Ioannidis test. However, the Ioannidis test of excess of significance relies on the assumption that the 'true' ES is that of the largest study, and this premise may be threatened when the largest study included is not particularly large or well-conducted, and when there is significant heterogeneity. In both scenarios, the test of excess of significance can falsely signal bias, when in truth what is being pointed out is genuine heterogeneity due to real differences among the different studies among dissimilar populations. Since the largest report included in our meta-analyses included 196 subjects and, in general, there were ample differences in the demographic characteristics of the studies included, this possibility cannot be discarded. In addition, through a series of sensitivity and sub-group analyses, we were able to rule out the possibility that the results were biased due to a unique outlier. The abovementioned approach also allowed us to investigate and rule out any single study as the sole source of the high heterogeneity found in virtually all analyses.

Notwithstanding its strengths, our paper has some inherent limitations due to its design and statistical methods employed. First, meta-analyses are retrospective in nature, affected by the methodological rigour of the studies included, comprehensiveness of search strategies, and possible publication bias. We tried to keep the probability of bias to a minimum by doing a thorough search for data and by using explicit criteria for study selection, data collection, and data analysis. We did not restrict the studies included to those in English, and included not only published articles, but conference proceedings as well, therefore, avoiding missing negative results. This allowed us to conduct the most comprehensive meta-analysis on the topic so far. We believe that using this approach, the results and conclusions can provide reliable information. Second, some of the sub-groups and meta-regression analyses may have failed to achieve statistical significance due to a lack of power in these specific analyses, giving a potentially false negative result. This may have been the reason for the lack of significance of decreased BDNF levels in medicated persons in a manic episode when compared to controls, in mania compared to matched controls by age and sex, and of the association between YMRS and serum BDNF levels. Third, the meta-analysis of BDNF levels in persons with BD compared to controls provides us with a pooled result originating from cross-sectional studies. Therefore, we cannot draw any causal associations. Thus, we do not know if a decrease in peripheral BDNF levels is a cause and pre-requisite for the occurrence of an index mood episode or an allostatic counterbalancing mechanism as a consequence of the occurrence of the mood episode. It is also not possible to infer if peripheral BDNF levels decrease before, concomitantly, or after euthymia is successfully achieved. Fourth, virtually no study included data on length of the acute mood episode, which would be a potentially crucial moderator, if one considers the prospect of peripheral BDNF levels further decreasing during the course of an unmedicated acute mood episode. This appears to be the case in schizophrenia, where a more accentuated decrease in BDNF is present with longer untreated psychosis \[[@CR105]\]. Fifth, in our meta-analyses of changes in BDNF levels with treatment for acute mania or depression, we considered the studies as responders or non-responders using the mean values of the YMRS or HDRS scores of each study, and not of individual subjects, with the exception of the study of Rybakowski et al. \[[@CR78]\], which provided data for responders and non-responders separately. This may specifically have been an issue in the meta-analysis regarding treatment of depression, where probably the sample of each study has more variability in response than in the mania studies. It should also be noted that, in depression, the greatest mean response rate was 65 %, that none achieved remission, and that in all studies, subjects had at least residual manifestations of depression. Consequently, the absence of an increase in BDNF levels after treatment of a depressive episode may indicate an absence of substantial improvement. In addition, there was a manifold of distinct medications employed in the therapeutics of the depressive episodes, ranging from quetiapine, an approved medication for this condition, to valproate, ketamine and mifepristone, which can be considered experimental in this situation. Sixth, we used length of illness as a proxy for stage. Finally, as in other meta-analyses, our results should be interpreted with caution because individual studies varied greatly with respect to the demographic characteristics and ethnicity of participants, type of psychiatric medication on use, and duration of follow-up in the within-group meta-analyses.

Future research {#Sec18}
---------------

The temporal changes in BDNF levels in relation to a mood episode remains one of the known unknowns of science. Peripheral BDNF level changes in relation to the occurrence of a mood episode could theoretically follow three different patterns. First, peripheral BDNF could decrease before the beginning of a mood episode, which would make BDNF a possible predictor of a future mood episode; second, BDNF levels could decrease concomitantly with a mood episode, turning BDNF into a biomarker of disease activity; and finally, peripheral BDNF levels could decrease after the beginning of a mood episode. In this case, BDNF changes would be a consequence of a mood episode, and its assessment could be useful perhaps as a surrogate biomarker. To provide a definitive answer to these questions a longitudinal study with frequent blood draws would be necessary, with a within-subject design that also reduces noise and consequently is less prone to bias. It is also true that a biomarker may be capable of measuring a variety of clinical endpoints simultaneously.

One potentially interesting application of peripheral BDNF levels is as a biomarker for predicting response to treatment in an index mood episode. It would be of great value to determine if baseline levels of peripheral BDNF can predict response to treatment, differing between those who achieve remission and identifying those who will be refractory. This is a simple analysis that can be easily performed; however, it has been overlooked in almost all studies. Data on this regard is scant and the field would benefit from such investigation.

There is evidence from our present study that BDNF levels can vary according to its source, meaning plasma or serum. For instance, we found an association in the meta-regressions between severity of manic and depressive episodes, mostly in plasma, and in the within-group meta-analysis BDNF increased after treatment of a manic episode in plasma, but not in serum. We previously described a similar pattern in schizophrenia, with antipsychotics increasing BDNF levels only in plasma \[[@CR94]\]. At the moment, most of the BDNF enquiries in BD have used serum, with far less studies conducted in plasma. However, serum and plasma represent, in fact, two different compartments. This is highlighted by the fact that BDNF concentrations in serum are 20- to 50-times higher than in plasma \[[@CR106]\]. Peripheral BDNF is largely stored in platelets, which actively absorb it from the circulation, and is released from activated platelets in serum during the clotting process, and consequently serum BDNF levels largely reflect the pool of BDNF stored and released from platelets during coagulation \[[@CR107]\]. However, after being produced by the brain and released into the circulation, BDNF has a half-life of less than 10 minutes in the blood and is rapidly cleared from the circulation mostly by the liver, in contrast to a platelet's life-span of 9--11 days \[[@CR108]\]. This logically implies that plasma BDNF levels may be a more accurate marker of acute changes in the central nervous system than serum BDNF. This may be because of the fact that the still ongoing release of BDNF from platelets obscures serum BDNF levels, with 'old' BDNF actually being measured. We therefore suggest that future research should preferentially consider plasma when assessing the BDNF as a potential clinical biomarker. We could trace a parallel with diabetes, where plasma would behave as fasting glycaemia, representing acute changes in glycaemia, and serum as glycated haemoglobin, representing a general picture of glycaemia in the last 90 days. Since the life-span of platelets is 10 days, serum BDNF levels would better represent the general behaviour of BDNF in last 10 days, and plasma would represent acute changes in BDNF. Finally, in our analyses, we uncovered that studies with an 'imperfect' pairing of the control group regarding age and sex may be more susceptible to bias, particularly with differences in age. Lack of matching increases noise and unduly distorts data. This is a concern not only for studies on BDNF levels, but for all studies investigating biomarker properties. We suggest that future study design should take this into consideration.

Conclusions {#Sec19}
===========

Our meta-analyses of 52 cross-sectional or longitudinal studies comprising 6,481 persons with BD and healthy controls provide evidence that peripheral BDNF levels are equally decreased in BD during the occurrence of manic and depressive episodes, and that its levels appear normal in euthymia. The extent of the decrease in peripheral BDNF levels paralleled the severity of manic and depressive symptoms, providing further evidence of peripheral BDNF as a state-marker and consequentially as a biomarker of disease activity for acute mood episodes of BD. Our study also provides further evidence of the neurotrophic hypothesis of BD, and solidifies the notion of BD as a systemic disorder with peripheral manifestations. In summary, peripheral BDNF level, better documented in plasma than in serum, is a potential biomarker of disease activity in BD. We propose that peripheral BDNF may have a clinical application as a part of a laboratory blood protein composite measure to assess disease activity in BD.
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